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Abs t rac t  
We ~Amula te  high energy cosmic ray  propagat ion o f  t h e  energy region 
1 0 ~ ~ * ~ - 1 0  eV i n  the  i n t e r  s t e l l e r  circumstances.  In  conclus ion,  t h e  
d i f f u s i o n  process  by t u r b u l e n t  magnetic f i e l d s  is c l a s s i f i e d  i n t o  s e v e r a l  
region by r a t i o  o f  the  gyro r d 'us  and the  s c a l e  o f  turbulence .  When t h e  
--b .4 
r a t i o  becomes l a r g e r  then 10  , the  a n a l y s i s  with 3he assumption o f  p o i n t  
s c a t t e r i n g  can be app l i ed  w ' t h  t h e  mean f r e e  path  E . However, when the 
-0.5 
r a t i o  is smal le r  than 10  , we need a more complicated a n a l y s i s  o r  
s imulat ion.  Assuming t h e  turbulence  s c a l e  o f  magnetic f i e l d s  o f  t h e  Galaxy 
is 10-30pc and the  mean magnetic f i e l d s  s t r e n g t h  is 3 ~ 8 ~ 5 0  gauss ,  t h e  
energy of  cosmic ray  wi th  t h a t  gyro-radius is about 10  eV. 
1 In t roduc t ion  
au thors  have s t u d i e d  cosmic r a y  propagation i n  magnetic 
f i e l d s  . Espec ia l ly ,  Gleeson and Axford had solved a d i f f u s i o n  equat ion 
wi th  t h e  assumption t h a t  cosmic ray  a r e  s c a t t e r e d ( 9 y  s c a t t e r i n g  c e n t e r s .  
The r e c e n t  observat ion o f  Ga lac t i c  magnetic f i e l d  shows t h e  average 
f i e l d  s t r e n g t h  is about 3 micro gauss and t h e  t u r b u l e n t  f i e l d s  a r e  about 
1 .5  micro gauss .  The gyro-radius o f  cosmic r a y  i n  the  energy reg ion ,  i n  
which w e  a r e  i n t e r e s t e d ,  becomes 0.1-300pc. The random magnetic f i e l d s  
cannot d e f l e c t  t h e  cosmic r a y s  s o  hardly ,  b u t  an amount o f  smal l  d e f l e c t i o n  
may cause a l a r g e  s c a t t e r i n g  angle  as a r e s u l t .  We know t h a t ,  i n  some 
c a s e s ,  we can sum up t h e  e f f e c t s  i n  terms o f  p o i n t  s c a t t e r i n g  and mean- 
free-path(mfp1. However, we a r e  n o t  s u r e  t h i s  is t h e  case  i n  t h e  cosmic r a y  
propagat ion i n  the  t u r b u l e n t  magnetic f i e l d s ,  e s p e c i a l l y  when the  gyro- 
r a d i u s  o f  t h e  cosmic ray  becomes near  to t h e  s c a l e  of  i r r e g u l a r i t i e s .  The - 
assumption o f  p o i n t  s c a t t e r i n g  can be an over  s i m p l i f i c a t i o n  i n  t h e  s tudy  
of cosmic ray  propagation i n  t h a t  energy region.  I t  should be checked by 
the  numerical  c a l c u l a t i o n  o r  s imulat ion.  
I n  t h i s  paper,  we p resen t  a Monte Carlo s imulat ion o f  cosmic r a y  - 
propagat ion i n  the  Ga lac t i c  space and show a r e s u l t  i n  terms o f  d i f f u s i o n  
t ensor .  Gleeson and Axford showed the  d i f f u s i o n  t ensor  have t h r e e  
independent element (K ,KL ,  K T ) .  The a n a l y t i c  form o f  these  element as a 
funct ion of mean f r e e  LLth a r e  given by 
1 
K//= g Ac 9 (1 1 
K 
K = // and ( 2  1 
l +  ( w + I 2  - 
A (W K//  
K = ( 3 )  A 2 1 + (WE) 
9 
6 
where \ i s  t h e  mfp and [r! is t h e  gyro frequency o f  cosmic r a y s  i n  t h a t  
magnetic f i e l d .  When we l eave  from t h e  i d e a  of p o i n t  s c a t t e r i n g  of cosmic 
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ray ,  we should not  use mfp a t  the  beginning o f  the  study.  Rather it should 
be given a s  t h e  r e s u l t  of d i f f u s i o n  process.  In our s imula t ion ,  we 
c a l c u l a t e  the  two diagonal elements K and KL . We check t h e  consis tency / L  
comparing these  formula. When the  consistency is maintained,  we t r y  t o  
c a l c u l a t e  t h e  mfp from the  formula. 
2  Generation o f  random magnetic f i e l d s  
I t  seems t o  be a  d i f f i c u l t y  i n  the  s imulat ion with i r r e g u l a r  magnetic 
f i e l d s  t o  make the  f l u x  l i n e  conserved. This d i f f i c u l t y  is avoided i n  our  
case  by genera t ing  t h e  vec to r  p o t e n t i a l s  by random numbers. The s t e p s  t o  
genera te  the  random magnetic f i e l d s  a r e  following.  F i r s t  we embed a  l a t t i c e  
i n  the  s imulat ion space ,  whose l a t t i c e  constant  is chosen a s  the  s c a l e  of  
the  i r r e g u l a r i t y  of  the  magnetic f i e l d .  We genera te  the  vec to r  p o t e n t i a l  
A = ( A x , A y , A Z )  f o r  each l a t t i c e  p o i n t  with the  p r o b a b i l i t y  given by 
exp(-Ai/t) dAi ( i = x , y , z )  , ( 4 )  
where t is a  parameter t o  a d j u s t  the  i r r e g u l a r  magnetic f i e l d s  s t r e n g t h .  
The vec to r  p o t e n t i a l  i n  t h e  p o i n t  o t h e r  than the  l a t t i c e  p o i n t s  a r e  g iven 
by l i n e a r  i n t e r p o l a t i o n .  The i r r e g u l a r  magnetic f i e l d s  a r e  given by 
3 + 
DH = r o t (  A ) ,  ( 5 )  
with the  random vec to r  p o t e n t i a l  A.  The t o t a l  f i e l d s  a r e  given a s  t h e  sum 
of i r r e g u l a r  magnetic f i e l d  and average f i e l d .  When we wish t o  s imula te  t h e  
tu rbu len t  magnetic f i e l d s  with some spectrum l i k e  the  Kolmogorov's one, we 
prepare a  s e r i e s  of l a t t i c e s  wi th  d i f f e r e n t  l a t t i c e  cons tan t s .  And sum up 
the  i r r e g u l a r  magnetic f i e l d s  with the  weight g iven by the  spectrum. 
The motion of the  cosmic ray  p a r t i c l e s  is determined by equat ion o f  
motion; 
+ dv - 9 3 +  
m - d t  = q(E + v x  H ) .  
However, i n  our  s imulat ion we neg lec t  the e f f e c t s  from E .  I n  o t h e r  words, 
we assumed the  magnetic f i e l d s  is s t a t i c a l .  This assumption can be 
j u s t i f i e d  because t h e  v e l o c i t y  o f  cosmic ray  is e s s e n t i a l l y  l i g h t  v  l o c i t y ,  
-9 but  t h e  v e l o c i t y  of t h e  magneto-hydrodynamical waves a r e  around 1 0  t imes 
of l i g h t  v e l o c i t y  i n  t h e  i n t e r s t e l l a r  circumstances. This a l s o  means t h a t  
i n  our  s imula t ion ,  we neg lec t  t h e  e f f e c t  o f  Fermi type a c c e l e r a t i o n  o r  the  
d i f f u s i o n  process  i n  energy a x i s .  
3 Simulation 
Our s imulat ion is c a r r i e d  o u t  as follows.  We assumed t h a t  the  average 
magnetic f i e ld (Ho)  is a l i n e  with z-axis,  and the  average s t r e n g t h  o f  t h e  
magnetic f i e l d  is 3 micro gauss and t h a t  of the  t u r b u l e n t  magnetic f i e l d s  
a r e  1 . 5  micro gauss i n  average. (We note  t h a t  what is r e a l l y  meaningful is 
the  r a t i o  ( D H ) / H ~ ,  which is 1/2  i n  our  case.  The abso lu te  s t r e n g t h  is 
needed when we t r a n s l a t e  the  gyro-radius t o  the energy i n  t h e  r e l a t i o n  t o  
the  s c a l e  o f  the  turbulence  i n  r e l a t i o n  t o  the  (maximum) t u r b u l e n t  s c a l e  
( = L  ) ) .  We f i r s t  pu t  a  number of cosmic ray  p a r t i c l e s  a t  the  o r i g i n  and 
folyow the  motion numerically determined by the  equation.  The s t e p  time f o r  
so lv ing  ( 6 )  numerically is chosen a s  1/10 o f  the  gyro frequency and is 
changed with gyro frequency. Th i s  s t e p  time is chosen s o  t h a t  t h e  e r r o r  
caused by it is small  i n  our  numerical c a l c u l a t i o n  and t h a t  the  s imula t ion  
is executed wi thin  t h e  reasonable  cpu- k ing the  a t i s t i c s  of t h e  
p o s i t i o n  o f  cosmic r a y  i n  terms of bs =m and G//= f l  z$ we can c a l c u l a t e  
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K L from t h e  time dependence 
conversion of d i f f u s i o n  cons tan t s  t o  average value. 
The random magnetic f i e l d  is 
4 Resul ts  
In  f i g .  1, we show a r e s u l t  of Fig. 1 
our s imulat ion i n  t h e  form of m3 
5 Summary and Discussions 
If we assume t h a t  t h e  t u r b u l e n t  s c a l e (  L,) is 30pc and the  average 
dimension-less quan t i ty ;  Ki/(c x Lo), 
where i s tands  f o r  // and L, c r i g h t  2- 
ve loc i ty  and Lo f o r  maximum turbu len t  
s c a i ~ ? .  The s imulat ion of f i g . 1  is 1 
c a r r i e d  o u t  by assuming t h a t  t h e  h 0 
magnetic f i e l d s  ' turbulence follows 
t h e  Kolmogorov spectrum. The c rosses  d 
and c l o s e  ones show K and KL 1 0 -  25 
respec t ive ly .  We a l s o  kLde a ~ 7 ,  
0 s imulat ion by assuming o f  t h e  only  
one t u r b u l e n t  s c a l e .  We found a -1 
l i t t l e  d i f f e r e n c e  between them. I n  
magnetic f i e l d  s t reeggh is 3 m i 5 6 0  gauss ,  theuenergy o f  the  cosmic ray  with 
the  gyro-radius 10- xLO is 10 05ev f o r  the  protons.  For the  higher 
energy cosmic rays ,  the  assumption of po in t  s c a t t e r i n g  i n  the  study of its 
propag9tion i n  Galact ic  space is a f a i r l y  good approximation with the  
mfpwE . However t h e  f a c t e r  i n  f r o n t  o f  the  power o f  E is a rap id ly  varying 
both cases ,  however, we can say t h a t  
t h e  q u a l i t a t i v e  tendencies  a r e  t h e  
same. Theref o re  t h e  f a r t h e r  
s imulat ion is executed assuming t h e  0 1 -2 -3 -2 -1 
only one s c a l e  i n  turbulence of log(RL/Lo) 
magnetic f i e l d .  
The whole region can be divided i n t o  severa l  regions  by the  f i g f u s i o n  
tensor-gegendences on t h e  RL. When R is i n  the  region between 10- ' xLo L 
and 10 xLo, t h e  r t ' o  K /KL is almost cons tan t  and b8tg a r e  
p ropor t iona l  t o  R ~*'- '*~./hhen R becomes l a g e r  than 10'. xLo, K is L p ropor t iona l  t o  R ~ '  and KL is almost constant .  we a l s o  gave a & a l e  i n  
f i g . 1  t o  read t h e  mfp d i r e c t l y  6rgm K us ing ( 1 ) .  We f i n d  i n  the  region 
where t h e  RL is l a r g e r  than 10- xL0!'(2) g ives  c o n s i s t e n t  r e l a t i o n  
between K L  and K a s s  m'ng t h e  mfp. However, t h e  r e l a t i o n  ( 2 )  is not  f o l d  
f o r  R smal ler  t h i k  10 L -'*'xL . We may-gee t h a t  the re  is an another region,  
where t h e  r a d i u s  is smal ler  ?hp 10- xLo, t h e  s lope  o f  K dependences on 
t h e  R changes t o  s t e e p e r ( w R  ) . However, t h e  ambiguity o p t h e  c a l c u l a t i o n  L L becomes l a r g e  i n  t h i s  region and the  r e l i a b i l i t y  of s imulat ion may be 
small .  
We a l s o  executed s imulat ions  with t h e  condi t ion < D H ) / H ~  = 1 and 1 /4  
assuming of t h e  only one (maximum) tu rbu len t  s c a l e .  These r e s u l t s  a r e  shown 
i n  f i g . 2  and i n  f ig .3 .  The simbols a r e  s e with f i g . 1  T e whole region is 10Y. 5 divided i n t o  t h r e e  regions  a t  t h e  R L ; xLO and 10 'O*'xLo. The dependences of K and KL on R a r e  t h e  same with t h e  case  o f  <DH)/HO = // 1/2. However, t h e r e  is a quan t ika t ive  d i f f e r e n c e  i n  the  value of K KL 
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Fig. 3 
I I 
function of <DH>. We note,  however, t ha t  t h i s  is a r e s u l t  of the 
accumulation of  small def lec t ion  by the magnetic f i e l d s  and the  f ac t e r  
should be obtained by d i f f e r e n t  ~ g q o d ;  f o r  example simulation. For the 
lower energy cosmic rays than 10 ' eV, the d i f fus ion  constants  do not 
follow the  formula (1)-(3) .  To study the cosmic ray propagation i n  t h i s  
region, w e  need a simulation o r  more sophis t icated ana ly t ic  methods. I t  is 
noted t h a t  i n  t h i s  region the  r a t i o  of K and KI is almost constant.  I f  
we assume the  average s t rength  of tu rbulMt  magnetic f i e l d  is 1.5 micro $Yes the  r a t i o  is about 10. For the smaller energy cosmic ray than 
eV, the  r e s u l t  o f  the simulation show a r e l a t i v e l y  la rge  difference 
between d i f f e r e n t  random number series. This f a c t  might ind ica te  t ha t  the 
other  mechanism than the  d i f fus ion  process l i k e  convectionshold be 
considred i n  the  study of the  propagation of cosmic ray with t h i s  energy i n  
the  Galaxy. 
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